MgB 2 -based nanostructural materials with rather high oxygen concentration (5-14 wt.%) and dispersed grains of higher borides (MgB 12 , MgB 7 ) high-pressure (2 GPa or 30 MPa) synthesized (in-situ) or sintered (ex-situ) demonstrated high superconducting characteristics (critical current density, j c , up to 1.8-1.010 6 A/cm 2 in the self magnetic field and 10 3 in 8 T field at 20 K, 3-1.510 5 A/cm 2 in the self field at 35 K, upper critical field up to H C2 = 15 T at 22 K, field of irreversibility H irr =13 T at 20 K). The additives (Ti, SiC) and synthesis or sintering temperature can affect the segregation of oxygen and formation of oxygen-enriched Mg-B-O inclusions in the material structure, thus reducing the amount of oxygen in the material matrix as well as the formation of higher borides grains, which affects an increase of the critical current density. The record high H C2 and H irr have been registered for the material high-pressure (2 GPa) synthesized from Mg and B at 600 o C having 17% porosity and more than 7 wt.% of oxygen. The attained values of the critical current, AC losses and thermal conductivity make the materials promising for application for fault current limiters and electromotors. The structural and superconducting (SC) characteristics of the material with matrix close to MgB 12 in stoichiometry has been studied and the SC transition T c =37 K as well as j c = 5×10 4 A/cm 2 at 20 K in the self field were registered, its Raman spectrum demonstrated metal-like behavior.
Introduction
The high critical current density, j c and upper critical field, H c2 , the fields of irreversibility, H irr , can be attained in a polycrystalline MgB 2 -based material, in which the grain boundaries are not the obstacles for tunneling of coupled electrical charges as in the case of high-temperature superconductors, for example, Y-Ba-Cu-O-based. Pinning centers in the material can be the grain boundaries and nanostructural inclusions of other phases. The admixture of oxygen in the MgB 2 material structure has been considered to be harmful for SC properties of MgB 2 because of the formation of MgO, leads to appearance of "dirty" boundaries between grains, which results in a decrease of effective cross-sectional area, through which a current can flow, or reduction of the "connectivity". It has been expected that the critical current density will decrease. However the recent investigation has shown that the SC properties can be improved by the distribution of oxygen in the MgB 2 structure in a certain way. Eom et al. [1] have shown that substitution of oxygen for boron in the boron layers in films (the films with a c-axis parameter of 0.3547 nm, which is larger than that for bulk material: 0.3521 nm have been formed) leads to a lower T c but to a steeper slope of dH c2 /dT both in the parallel and perpendicular magnetic field higher than that for films with normal parameters. Also, the authors have supposed that additional co-pinning by the nonsuperconducting MgO particles can contribute to the total pinning force. Using high-resolution transmission electron microscopy (HREM) Liao et al. [2] have shown that the oxygen substitution in the bulk of MgB 2 grains forms coherently ordered MgB 2-x O x precipitates in sizes from about 5 to 100 nm and that these precipitates can act as pinning centers, thus increasing the critical current density. These precipitates are formed due to the ordered replacement of boron atoms by atoms of oxygen and are of the same basic structure as the MgB 2 matrix but with composition modulations. No difference in the lattice parameters between the precipitates and the matrix can be detected in conventional electron diffraction patterns. However, extra satellite diffraction spots are seen in some directions implying the structural modulation nature of the precipitates. The precipitates have the same orientation as the MgB 2 crystallites and the replacement of boron by oxygen makes the precipitates stronger in electron scattering. The periodicity of oxygen atom ordering depends on the concentration of oxygen atoms in the precipitate and first of all occurs in the (010) plane [2] .
In our previous studies [3, 4] it have been shown that the presence of higher amount of fine dispersed grains of higher borides (MgB 12 , MgB 6-7 ) in magnesium-diboride-based materials obtained under high (2 GPa) and moderate pressures (30 MPa) correlates with higher critical current densities in magnetic fields. The additions of Ti, Ta, Zr, and SiC may increase the critical current density, in particular, of high pressure synthesized materials. However, the exact mechanism of their influence is not clear up to now. It has been observed that additions of Ti and Ta can promote the increase of the amount of MgB 12 inclusions in high pressure synthesized MgB 2 -based materials [4] .
The paper presents new data, which allows hypothesizing that the SC characteristics of MgB 2based materials depends to a large extent on the character of oxygen distribution in the material structure, which in turn is defined by the interrelations between the synthesis temperature, above mentioned additions, and higher borides formation. a transport critical current and AC losses have been determined, when testing rings from MgB 2 -based material as elements of inductive fault current limiter model. The high pressure and hot pressure synthesized MgB 2 -based materials are perspective for the application in inductive fault current limiters, electromotors, and for high magnetic fields creation.
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Experimental
Samples were prepared using (1) high pressures, HP, in recessed-anvil high-pressure apparatuses (under 2 GPa) [3] and (2) hot pressing, Hot-P, ( under 30 MPa) techniques. To produce MgB 2 -based materials, metal Mg turnings or powder and amorphous boron were taken in the stoichiometric ratio of MgB 2 . To study the influence of Ti, Zr or SiC, the powders were added to the stoichiometric MgB 2 mixture in the amount of 10 wt%. The components were mixed and milled in a high-speed activator with steel balls for 1-3 min. To study the processes of the higher borides formation, Mg and B were taken in the MgB 4 -MgB 20 ratio and heated up to 1200 o C at 2 GPa for 1h.
The structure of the materials was analyzed using TEM, SEM, and X-ray diffraction. For Raman studies, we used a WiTec CRM-200 confocal imaging system with the HeNe laser excitation (a photon energy of 1.96 eV). The spectra were collected in back scattering geometry with a resolution of 2 cm -1 . Incident laser power was measured directly on the sample stage and did not exceed 2 mW in order to avoid a sample heating.
The values of j c were estimated by an Oxford Instruments 3001 vibrating sample magnetometer (VSM) using Bean's model; Нс 2 and Hirr were estimated using Quantum Design PPMS equipped with vibrating sample magnetometer. The transport critical current and AC losses were measured by the inductive method. A thermal conductivity coefficient was measured by a nonstationary method using a ІТ3-МХТІ special device. The hardness, H V (using a Vickers indenter), was measured by a Mod. MXT-70 Matsuzawa microhardness tester, and a nanohardness, H B (using a Berkovich indenter) by a Nano-Indenter II. Figs. 2c, d) .
Results and discussions.
In the case of SiC additions the j c have been increased when there were no notable (which can be detected by X-ray analysis) interaction between MgB 2 and SiC (Figs. 2 a, b) . For a SiC-doped material, we also observed the segregation of oxygen (in the places of the matrix where SiC inclusions were absent marked by "A".). However, the structure is much dispersed and rather complicated for analysis. As a synthesis temperature increases, the higher borides content decreases but the segregation of oxygen becomes more pronounced. This could be the reasons for high critical current densities in high and low magnetic fields (see Figs. 1c, f, i, l) and for the existence of two types of optimal technology conditions. The porosity of the materials did not exceed 1 -3.5 %. The thermal conductivity of HP-synthesized MgB 2 -based material with Ti additions was 53 ±2 W/(m×K) at 300 K. Recently material with extremely high upper critical field, H c2 , (Fig. 3 , curve 5) and field of irreversibility, H irr , has been high-pressure-synthesized at 600 o C from powders of Mg and B (HyperTech) (Figs. 3 b, c): H c2 =15 T at 22 K and H irr =15 T at 18.5 K, which are the highest values ever mentioned in literature (even for the carbon-doped materials). The material contained about 7 wt.% of oxygen, its porosity being 17%.
From response of the transformer devices (in which the secondary winding was fabricated as a SC ring from hot pressed (30 MPa) material) the quenching current of 24000 A and transport j c of 63200 A/cm 2 at 4.2 K have been determined. The transport j c was about an order of magnitude lower than the critical value obtained from magnetization experiment (6 . 10 5 A/cm 2 at 10 K). This can be explained by the granular structure of the superconductor, when the j c measured from magnetization is mainly determined by this density in granules but the transport j c is determined by the properties of intergranular area. At an induced current of ~95% of the critical value the AC loses were about 17 J and power of the losses was about 200 W.
The samples synthesized by us from the boron-enriched compositions (MgB 4 up to MgB 20 ) at 2GPa, 1200 o C, 1 h were superconducting [4] , but the highest j c and transition temperature, T c near 37 K were demonstrated by the materials (Figs. 4a-e ) with near MgB 12 composition of matrix, which as was shown by TEM-EDX and SEM-EDX (with microprobes of 0.7 nm and 2 nm in diameter, respectively). The Raman spectra of the materials (Fig. 4 f) demonstrated the metal-like behavior, the same as superconductors. We did not reveal an MgB 2 network or greed in these materials, and only areas of about 200 nm in diameter with MgB 2 composition were founded.
Advances in Science and Technology Vol. 75 Fig.2a (reflexes marked "1" and "2" coincide with those of MgB 2 and MgO, respectively, reflex marked "3" at 2Θ=26.7 o coincides with that of BN), in the upper right corner the dependences of real (′) and imagined (′′) parts of resistance on temperature are shown; it should be mentioned that X-ray of the material prepared from the Mg:B=1:20 mixture (shown in Fig. 2d ) has the X-ray pattern very similar to that in the case of 1:8 mixture (Fig. 2c ); (f) Raman spectrum (at room temperature) of the material synthesized from Mg:B=1:20 mixture.
The Vickers microhardness (H v ) of the material with near MgB 12 composition was twice as high as that of MgB 2 (25±1.1 GPa and 12.1±0.8 GPa, respectively, at a load of 4.9 N). The inclusions with near MgB 12 composition in MgB 2 matrix had 35.60.9 GPa nanohardness at a 60 mN-load and Young modulus 38514 GPa.
Conclusions
The effect of oxygen distribution inhomogeneity and presence of higher borides on the critical current density improvement of nanostructural MgB 2 has been revealed. The synthesis temperature and additions can effect the oxygen segregation as well as higher boride formation.
